Several research papers published in Critical Care throughout 2007 examined the pathogenesis, diagnosis, treatment and prognosis of sepsis and multiorgan failure. The present review summarizes the findings and implications of the papers published on sepsis and multiorgan failure and places the research in the context of other work in the field.
Introduction
Nine papers exploring sepsis and multiorgan failure were published in Critical Care throughout 2007. Four of these articles examined possible pathophysiologic mechanisms underlying sepsis and organ failure. One paper explored the use of biomarkers in community-acquired infections. Three articles reported results of different therapeutic approaches to sepsis, and one article evaluated the longer-term outcomes for sepsis survivors.
Pathogenesis Organ-specific effects of local infection versus remote infection
In an interesting study from Finland, Vakkala and colleagues systematically explored the epithelial response in the gallbladders of two groups of patients with cholecystitis [1] . The authors compared gallbadders removed during open cholecystectomy from critically ill patients with acute acalculous cholecystitis (n = 30), from noncritically ill patients with acute calculous cholecystitis (n = 21) and from patients without gallbladder pathology (n = 9). The authors suggest this was an opportunity to compare the local effects of infection from obstructed biliary fluid and the remote effects of the systemic inflammatory response.
Compared with normal gallbladders, acute acalculous cholecystitis gallbladders and acute calculous cholecystitis gallbladders showed significantly increased markers of epithelial proliferation and apoptosis. Hypoxia-inducible factor-1α, a marker of the cellular response to ischemia, was increased most dramatically in acute calculous cholecystitis samples but was only intermediately increased in acute acalculous cholecystitis. Because hypoxia-inducible factor-1α can promote epithelial proliferation [2] , it is possible that it may be an important part of the signal that augments normal biliary regeneration. In acute acalculous cholecystitis, however, remote infection (50% of patients had sepsis or pneumonia) may have led to decreased perfusion, to ischemia, to impaired regenerative capacity of the gallbladder mucosa and to dysfunction leading to cholecystitis. patients in a surgical intensive care unit (ICU), and compared the results with nonseptic ICU patients and with healthy control individuals [9] . While hBD2 mRNA was not detected in whole blood assays from normal control individuals, it was elevated in septic ICU patients and in nonseptic ICU patients. hBD2 protein levels were higher in the plasma of severe sepsis patients than in either of the comparison groups. The time-course of hBD2 protein in plasma did not discriminate survivors from nonsurvivors among the septic patients. In the ex vivo whole blood assays, endotoxin stimulated hBD2 mRNA in all groups. The hBD2 induction was much lower in the severely septic patients than in the comparison groups, an effect not mediated by hydrocortisone administration to the septic patients.
These findings argue that there are early changes in hBD2 regulation and expression in severe sepsis. These changes occur in concert with known measures of immunodepression (for example, HLA-DR expression on monocytes). While blood levels of hBD2 are elevated in early sepsis, the ability of immune cells to respond to subsequent inflammatory stimuli (for example, endotoxin) with increased expression of hBD2 appears impaired. If these observations are confirmed in larger studies, defensins could be reasonable targets for new therapeutic options in sepsis and/or to prevent subsequent infections in the impaired host.
Platelet exosomes as mediators of cellular injury
Microparticles, small vesicles derived from a primary cell, have been identified in increased numbers in the blood of patients with a variety of diseases [10] [11] [12] . A type of platelet-derived vesicle, known as exosomes, has been implicated as a mediator of apoptosis in patients with sepsis [13] . In separate reports from laboratories in Sao Paolo, Brazil, investigators characterize these exosomes more completely and describe their effects on vascular and cardiac function in sepsis [14, 15] .
Using sera from patients with severe sepsis obtained within 24 hours of onset (n = 12), Gambim and colleagues showed there were significant increases in the concentration of exosomes when compared with the concentration found in the sera of healthy control individuals [14] . Differentiating these exosomes from apoptotic bodies was the expression of large amounts of active transmembrane receptors (CD9, CD81 and CD63) and relatively little phosphatidyl serine. These characteristics were reproduced when naïve platelets from healthy donors were exposed to lipopolysaccharide or to the nitric oxide donor diethylamine-NONOate, but not when these platelets were exposed to thrombin, TNFα or UV irradiation alone -suggesting the exosome production is specific for these stimuli. Such exosomes increased generation of reactive oxygen species and induced apoptosis of co-cultured endothelial cells.
Azevedo and colleagues, using similar studies, explored the effects that exosomes have on ex vivo cardiac myocyte activity [15] . Similar to the previous study, the concentration of exosomes was found to be significantly higher in septic serum than in serum from normal donors. When exosomes were exposed to either whole rabbit heart or rat papillary muscle explants, there was a transient and reversible reduction in contractile properties. These findings held if the explants were pretreated with endotoxin, separating the myocardial-depressing effects of endotoxemia and of exosomes. The investigators suggested this effect was mediated by nitric oxide since the nitric oxide content of septic exosomes was significantly greater than that of healthy control individuals.
Taken together, the studies of Gambim and colleagues and of Azevedo and colleagues suggest that platelet-specific microvesicles may play a role in endothelial and cardiac dysfunction in sepsis.
Diagnosis Sepsis biomarkers in community-acquired infections
Clinical characteristics provide minimal discrimination of septic patients by pathophysiologic mechanisms, and there is therefore interest in the role of various biomarkers for the identification of sepsis and patients who may benefit from specific interventions. High-mobility group-box protein 1 is a mediator of later inflammatory events in sepsis, and may be a target for therapeutic intervention [16] [17] [18] . Lipopolysaccharide-binding protein is a component of the innate immune system that acutely increases with infection and plays a role in clearance of endotoxin [19] . Procalcitonin is a proinflammatory mediator that has received considerable attention in identifying patients with serious bacterial infections [20] .
Gaini and colleagues performed a prospective cohort study among patients admitted to a general medical ward with sepsis in an effort to predict bacteremia using high-mobility group-box protein 1, lipopolysaccharide-binding protein and procalcitonin [21] . The study included information on 154 subjects with suspected sepsis, and approximately one-half of them had severe sepsis or septic shock. As expected, high-mobility group-box protein 1, lipopolysaccharide-binding protein and procalcitonin levels were higher in patients than in healthy control individuals. None of the biomarkers of interest discriminated between survivors and nonsurvivors but all biomarkers were significantly higher in bacteremic patients compared with nonbacteremic patients. Procalcitonin had the greatest area under the curve (0.79), and a sensitivity of 80.7% and a specificity of 67.8% for bacteremia.
These results confirm those from other studies showing an association between high-mobility group-box protein 1, lipopolysaccharide-binding protein and procalcitonin with sepsis and severe sepsis. The biomarkers did not discriminate survivors from nonsurvivors, however, and all biomarkers had only moderate ability to discriminate bacteremic patients from nonbacteremic patients. To be useful in caring for septic patients, biomarkers should identify patients who should receive different care from those patients without similar biomarker profiles. For example, a recent study suggests that antibiotic duration might be truncated based on procalcitonin levels [22] . Despite reducing the number of days of antibiotic administration, there was a numeric increase in mortality among those patients having truncated courses of antibiotics. The clinical utility of early identification of subsequent growth on blood culture, as shown in the study by Gaini and colleagues, is unclear. Owing to the pronounced effect of antibiotic administration on mortality from sepsis [23, 24] , a biomarker would need a very high negative predictive value to lead to a decision to withhold antibiotics. Confirming that a septic patient requires antibiotics or will have bacteremia is less useful.
Treatment
Canadian intensivists practices of resuscitation After ICU-based studies of hemodynamic optimization in critically ill patients failed to definitively show benefit [25, 26] , Rivers and colleagues demonstrated that an emergency department-based intervention of resuscitation guided by specific hemodynamic goals produced an absolute risk reduction of 16% in hospital mortality for patients with septic shock [27] . The early goal-directed therapy protocol involved a complex interplay of a variety of interventions, including volume resuscitation, central venous saturation monitoring, red cell transfusions and inotropic therapy. As a result, implementation of early goal-directed therapy has a number of barriers and it remains unclear which aspects of the protocol clinicians implement.
McIntyre and colleagues conducted a survey of Canadian intensivists using a clinical vignette to determine self-reported resuscitation practices [28] . Respondents were asked to complete questions about monitoring parameters, resuscitation endpoints and fluid preferences for a vignette of septic shock. A second vignette presented the same patient with optimized blood pressure and intravascular volume but a low central venous saturation. Respondents were asked about triggers for red cell transfusion and the use of inotropes.
Respondents reported that they frequently used oxygen saturation, Foley catheters, an arterial blood pressure line, telemetry and central venous pressure to monitor the therapeutic effort. The measures most commonly indicated as being often or always used as measures of adequate volume resuscitation were the urine output, blood pressure, the heart rate, peripheral perfusion, the central venous pressure, and a sustained rise in central venous pressure after fluid challenge. It was uncommon for respondents to report they often or always used central venous saturation as a monitor of therapeutic response (9.8% of respondents) or as an endpoint of resuscitation (19.4%). The majority of respondents (84.5%) use normal saline for resuscitation often or always, with Ringer's lactate and pentastarch used by approximately one-half of respondents. In the second case, the patient with adequate volume status but inadequate oxygen delivery, <10% of respondents would transfuse red blood cells at a hemoglobin trigger of 100 g/l. More than three-quarters would transfuse red cells in the vignette when hemoglobin was ≤80 g/l. Slightly more than one-half of respondents would use inotropic agents if volume resuscitation and transfusion failed to provide adequate oxygen delivery.
The finding of greatest interest in McIntyre and colleagues' study [28] was the infrequent use of central venous saturation monitoring and higher triggers for red cell transfusion than utilized in the early goal-directed therapy study [27] . While the interpretation of these findings may be limited by the nature of the study (mail-based survey) and the moderate response rate, several hypotheses might be proposed for the results. The early goal-directed therapy study was conducted in an emergency department but the respondents to the survey were not emergency medicine physicians and may not have experience with using such a protocol themselves. The results of the Canadian Transfusion in Critically Ill trial [29] might have also led to reluctance to provide transfusions at higher hemoglobin concentrations. Because of the deleterious effects of transfusion [30] , this feature of early goal-directed therapy remains one of the most controversial of the protocol. This survey preceded a randomized trial of the use of hydroxyethyl starch in severe sepsis that showed increased acute renal failure and increased need for renal replacement therapy compared with Ringer's lactate [31] . The effects of this finding on the clinical use of colloids in septic shock and their presence in guidelines for resuscitation [32, 33] are unknown.
Hemoperfusion with polymixin B
Polymyxin B is a cationic detergent with activity against many aerobic Gram-negative organisms. The cationic detergent disrupts bacterial outer and cytoplasmic membranes but, because of its nephrotoxicity and neurotoxicity, has limited usefulness as a parenteral antibacterial agent [34] . The observation that polymyxin B can adsorb circulating endotoxin -a component of Gram-negative bacteria cell wallswhen it is bound to and immobilized with polystyrene fibers (PMX-F) has led to its use as a therapy in severe sepsis, especially in Japan.
Cruz and colleagues [35] performed a systematic review of clinical studies of extracorporeal PMX-F therapy in severe sepsis in an effort to determine its effectiveness. The authors identified 28 publications that were included in the review. These studies included nine randomized controlled trials, seven parallel, nonrandomized controlled trials, and 12 pre-post cohort studies, with a pooled sample size of 1,425 from seven countries. Overall, the quality of included studies was graded as poor. There was variation in the protocol used for PMX-F. When reported, Gram-negative infections were found in 71% of patients.
From the pooled analyses, PMX-F was effective in reducing circulating levels of endotoxin and was associated with an improvement in mean arterial pressure (mean, 26%; absolute mean increase, 19 mmHg). Patients with lower pretreatment mean arterial pressure levels had a greater benefit in blood pressure than those with higher pretreatment blood pressure. This was accompanied by a trend toward decreased doses of vasopressor agents. The PaO 2 /FiO 2 ratios also showed a modest improvement. Pooled mortality rates were 61.5% in the conventional therapy group and 33.5% in the PMX-F group. This resulted in a relative risk for PMX-F of 0.53 (95% confidence interval, 0.40 to 0.76). Various sensitivity analyses confirmed the main results. Reported adverse events were rare, and included clotting of the device and erythema.
These results suggest PMX-F may be a promising therapy for severe sepsis. The included patients represent a minority of the patients who have received this therapy, however, as more than 60,000 patients have received PMX-F since the Japanese national health insurance program began supporting this therapy in 1994. The mortality in the conventional therapy arm also exceeds that seen in other studies of patients with severe sepsis [36, 37] , raising questions about the comparison group and the actual benefit of therapy. The results of this systematic review support evaluation of PMX-F in well-designed multicenter randomized controlled trials with comparison of mortality and cost-effectiveness in the context of best available sepsis care.
Glutamine may attenuate vascular dysfunction in endotoxemia
Glutamine is a nonessential amino acid that may have value as a sepsis therapy through its effects on cytokine release [38, 39] . Some of this effect appears to be mediated through increased expression of heat shock protein 70 with glutamine administration [40] . Heat shock proteins are a group of proteins that are induced by a wide range of stimuli and serve to maintain cell homeostasis through a broad range of activities [41, 42] .
Jing and colleagues hypothesized that glutamine might improve vascular reactivity through its induction of heat shock protein 70 in a rat model of sepsis (lipopolysaccharide infusion) [43] . In the rats receiving 4% glutamine infusions, the mean arterial pressure and vasopressor responsiveness were improved. Glutamine infusion was also associated with reduced levels of proinflammatory cytokines, including TNFα, IL-6 and malondialdehyde. Supporting the role of heat shock proteins, heat shock protein 70 was increased in the heart, the endothelium, the lung and the liver of animals treated with glutamine compared with control animals. While this is an interesting finding, the study used pretreatment with glutamine, limiting its use in patients already identified as having sepsis. Nevertheless, the mechanism of heat shock protein induction is intriguing and could lead to further investigation in humans.
Recovery after sepsis
Most studies of sepsis measure proximate outcomes, such as 28-day mortality or hospital mortality [36] . Fewer studies have examined longer-term mortality after sepsis. Existing data suggest that mortality may be increased over projections expected by age alone for 5 years after sepsis [44] . While morbidity and quality-of-life consequences are even less well studied [45] [46] [47] [48] , existing data suggest acute organ dysfunction may influence the quality of life in sepsis survivors [49] .
Longo and colleagues performed a cohort study in nine Canadian ICUs to determine the health-related quality of life (HRQOL) for up to 7 months after sepsis, and compared these outcomes for patients who did and did not receive recombinant human activated protein C (rhAPC) [50] . Over 4 years, the investigators identified ICU patients with severe sepsis and at least two organ failures. Decisions regarding the use of rhAPC were at the discretion of the clinical team. Subjects completed the Short Form-36 at 28 days and at 3, 5, and 7 months, and kept a diary to track resource utilization. Subjects were recruited in blocks of nine per site, with three rhAPC patients and six non-rhAPC patients comprising each block to reduce imbalances in rhAPC patients and nonrhAPC patients at each site.
A total of 164 patients meeting the inclusion criteria were screened, and 100 patients provided consent and comprised the study cohort. During the 6-month follow-up, mortality among initial sepsis survivors tended to be lower among those receiving rhAPC than among those patients not treated (absolute risk reduction, 11.8%). Patients treated with rhAPC had shorter initial hospital stays, but the ICU length of stay and the need for transfer to a chronic care facility after hospitalization were not different between the groups. Seven months after admission for sepsis, the HRQOL was significantly lower in severe sepsis survivors than among agematched control individuals. This difference was most evident in physical subscores, but was seen across all measured dimensions. After adjusting for age, patients treated with rhAPC had better scores in the physical components of HRQOL than those not treated with rhAPC. This difference was not observed among the mental component scores. Of those participants previously employed, patients treated with rhAPC tended to return to work sooner than those patients not receiving rhAPC.
These data suggest that survivors of sepsis continue to suffer from impairments in HRQOL for months, especially among physical domains. This is similar to the effects of other critical illnesses on the recovery of HRQOL [51] [52] [53] . Furthermore, rhAPC appears to hasten the recovery of quality of life among survivors. These are encouraging findings after concerns were expressed that rhAPC did not affect the discharge destination of treated patients treated in the Protein C Worldwide Evaluation in Severe Sepsis (PROWESS) trial [54] . If confirmed, these data argue that the analyses showing the cost-effectiveness of rhAPC [55] [56] [57] [58] [59] [60] may, in fact, underestimate the benefit of treatment.
Inclusion of measures of morbidity among survivors, such as the HRQOL, in subsequent studies of severe sepsis would provide more robust estimates of benefit. Readers are advised, however, that several of the authors are current or former Eli Lilly employees. Additionally, the study sample is smaller than initially intended. Risk adjustment was only made for age and for prior HRQOL scores, and may therefore not have accounted for residual confounding due to selection bias in the administration of rhAPC. It would have been useful to perform a propensity score-matching process to account for differences between those patients given rhAPC and those not given rhAPC.
